. To were labeled in transgenic mice with human placental this purpose we linked its cDNA (Kam et al., 1985) to a alkaline phosphatase, an enzyme that resides on the promoter sequence of the gene for tyrosine hydroxylase outer surface of the cell membrane. It was therefore (TH; Banerjee et al., 1992) , the rate-limiting enzyme for possible to investigate their activity in vitro after disso-DA biosynthesis. This construct was introduced into the ciation of the retina with whole-cell current and voltage mouse genome, and a line of transgenic animals was clamp, as well as their connections in the intact retina obtained in which PLAP was expressed on the outer with the electron microscope. DA cells generate action surface of the cell membrane of retinal DA cells. PLAPpotentials even in the absence of synaptic inputs. This labeled DA cells were studied with light and electron activity is abolished by the amacrine cell transmitters microscopes and patch-clamped after dissociation of GABA and glycine, which induce an inward current the retina by enzymatic digestion and mechanical tritucarried by chloride ions, and is stimulated by kainate, ration. Their physiological properties could thus be coran agonist at the receptor for the bipolar cell transmitrelated with their synaptic connections. ter glutamate, which opens nonselective cation channels. Since DA cells are postsynaptic to amacrine and Results bipolar cells, we suggest that the spontaneous discharge of DA cells is inhibited in the dark by GABAergic Transgenic Mice amacrines that receive their input from off-bipolars.
amacrine cells was characterized by a large, spherical a right angle, forming a plexus, 3-5 m in thickness, which was situated in the S3 stratum (40-50% level) . In perikaryon that measured 14.7 Ϯ 2.0 m (sd, n ϭ 50) and was situated in the vitreal tier of cells of the inner shape and localization of its dendritic tree, this neuron resembled the type 2 or small catecholaminergic amanuclear layer (INL) . From the cell body, stout dendrites descended into the most scleral stratum of the inner crines described in other mammalian species (NguyenLegros, 1988; Mariani and Hokoç , 1988 ; type 3 in the plexiform layer (IPL), where they formed a dense plexus, 3-6 m in thickness (S1 stratum or 0-9% level, where rabbit, according to Tauchi et al., 1990) . When the mouse retina was stained with antibody to the INL-IPL border is 0%, and the IPL-ganglion cell layer border is 100%). Ascending processes were seen to TH, only DA cells were intensely immunoreactive; type 2 cells were negative ( Figure 1D ), in agreement with a originate from the cell body as well as from the dendritic plexus in the IPL; they reached the outer plexiform layer previous report that identified a single type of TH-like immunoreactive amacrines in the mouse (Versaux-Bot-(OPL), where they most commonly ended with a small swelling. Occasionally, they bent at a right angle and teri et al., 1984) . Incubation with antibody to TH, followed by the histochemical technique for alkaline phospharan a long, tangential course, just beyond the distal tier of cell bodies of the INL, where they formed a very loose tase, showed that the very same cells that exhibited THlike immunoreactivity were also stained by the method plexus ( Figure 1C) .
In whole mounts of the retina, the total number of for PLAP (Figures 1D and 1E) . When sections of the retina were treated with the anticells of this type was ‫,054ف‬ and their density was 26.0 Ϯ 5.7 cells/mm 2 (sd, n ϭ 24). Their nearest distance human PLAP monoclonal antibody E6 (De Waele et al., 1982) conjugated to the fluorochome Cy3 (E6-Cy3), both was 103.9 Ϯ 42.4 m (sd, n ϭ 52); their distribution was irregular. Two to four primary dendrites emerged from type 1 and type 2 amacrines were immunoreactive; no other cells were stained in the retina (Figures 1F and 1H) . each perikaryon and branched repeatedly in the scleral stratum of the IPL; occasionally, they could be followed As E6 binds to PLAP without inactivating the enzyme (De Groote et al., 1983) , staining with E6-Cy3, followed by for a distance of 500 m. Adjacent dendritic trees appeared to overlap extensively, so that any point in the the histochemical method for PLAP, showed that E6-Cy3 did bind to the surface of the very same amacrines retina was covered by at least three adjacent cells. Within this plexus, small openings (7 m in diameter), that expressed PLAP activity (Figures 1G and 1I) . Whole retinal mounts doubly stained with TH-antibody and E6-surrounded by a circular row of endings or processes, were very frequent; they were interpreted as the vitreal Cy3 showed that every cell that exhibited TH-like immunoreactivity was also stained by the anti-PLAP monoaspect of the cell body of AII amacrine cells and represent a site of the synapses established by dopaminergic clonal (Figures 1J and 1K) . cells on the small rod amacrines (Voigt and Wä ssle, 1987) . On the basis of the distribution of their dendrites Synaptic Connections of DA Cells For demonstration of PLAP activity at the electron miin both plexiform layers, these PLAP-positive neurons correspond to DA cells, i.e., type 1 or large catecholcroscopic level, the best results were obtained with a technique based on the hydrolysis of glycerophosphate aminergic amacrines (interplexiform cells) that synthesize and release dopamine. These cells have been dein the presence of alkaline lead citrate to produce an electron-dense precipitate of lead phosphate (Mayahara scribed in the mouse (Versaux-Botteri et al., 1984) and are present in all mammalian retinas studied so far (Galet al., 1967) . To verify with the light microscope the localization of the reaction product, thick sections were lego, 1971; Nguyen-Legros, 1988; Mariani and Hokoç , 1988; Tauchi et al., 1990) .
obtained from the plastic-embedded specimens and treated with ammonium sulfide to convert the invisible The second class of PLAP-positive amacrine cells ( Figure 1A ) was characterized by a pear-shaped perikarprecipitate of lead phosphate into a brown deposit of lead sulfide. In these specimens, labeled processes yon that measured 9.2 Ϯ 1.1 m (sd, n ϭ 50) and, thus, was significantly smaller than the soma of type 1 cells were localized in the strata S1 and S3 of the IPL, i.e., precisely in the two tiers of the IPL that are occupied (t-test, P Ͻ 0.001). The cell body was either situated in the most vitreal row of nuclei of the INL or, less freby the arborizations of type 1 and 2 catecholaminergic amacrine cells (Figure 2A ). With the electron microquently, displaced in the ganglion cell layer ( Figure 1B ). It gave rise to a single primary dendrite that reached scope, an amorphous, dense precipitate of lead phosphate filled the intercellular spaces surrounding the the middle of the IPL, where it branched repeatedly at In the retina of a mouse line that carries the PLAP gene linked to the promoter for TH, two types of catecholaminergic amacrine cells are positive to the histochemical reaction for PLAP activity. (A) Type 1 or DA cells (asterisk) possess a large perikaryon, and their dendrites form a dense plexus in the most scleral stratum of the IPL (stratum S1). They give rise to ascending processes (arrows) that reach the OPL. The soma of type 2 cells is smaller (star), and their dendritic plexus resides in the middle of the IPL (stratum S3). Occasionally, the soma is displaced in the ganglion cell layer (B). In a tangential section of the retina, the ascending processes of DA cells either end with a small swelling (arrowheads) or form a very loose plexus in the OPL (C). A DA cell that exhibits TH-like immunoreactivity (D) is also positive for PLAP (E). Type 2 cells are not immunoreactive for TH, because their dendritic tree in S3 is PLAP-positive but not stained by ␣-TH antibody. A monoclonal antibody to PLAP, conjugated to Cy3, is specific for both DA (F) and type 2 (H) amacrines, because the very cells that bind E6-Cy3 are also stained by the method for PLAP (G and I). In a retinal whole mount, DA cells are stained by both ␣-TH antibody (J) and E6-Cy3 (K). Magnification: (A), (B), (C), (F), (G), (J), and (K) 400ϫ; (D), (E), (H), and (I) 600ϫ. labeled processes. The precipitate was rigorously condensity. In other mammalian retinas, processes of this kind in the sublamina a of the IPL typically represent fined to the intercellular cleft and did not penetrate the cell membrane or extend into the adjacent cytoplasm.
the lobular appendages of narrow-field, bistratified, or AII amacrine cells (Strettoi et al., 1992) . Third, they were Thus, synaptic contacts established or received by the labeled processes were readily identified, because at postsynaptic to unidentified amacrine cell endings that contacted the labeled DA cell dendrites at conventional the site of the junctions clusters of synaptic vesicles, synaptic ribbons, and postsynaptic densities were visisynapses with clear presynaptic vesicles ( Figure 2D ). Thus, DA cells receive the same inputs that have been ble with the utmost clarity ( Figures 2B and 2C) . The electron microscopic technique was less sensitive than described in other mammalian species (Dowling and Ehinger, 1978; Pourcho, 1982; Taylor, 1982;  Hokoç and the indolyl phosphate method, for retinas of heterozygous animals were negative with short incubation times, Mariani, 1987 Kolb et al., 1990 Kolb et al., , 1991 . In turn, the DA cell dendrites were presynaptic at conand type 2 cells were weakly stained. Furthermore, the reaction product of the lead citrate method diffused ventional synapses to the cell bodies of amacrine cells (Figures 2B and 2C) and to organelle-rich dendrites in from the enzyme-carrying dendrites for a short distance (50-100 nm) along the intercellular spaces. This limited the IPL that probably belonged to AII amacrine cells ( Figure 2F ). So far, no synaptic output has been identidiffusion, however, did not interfere with the identification of large labeled processes.
fied in random thin sections of the DA cell processes in the OPL. As this study is concerned with the mechanisms responsible for DA release, only the connections of DA cells were analyzed. In keeping with the observations made with the light microscope, the dendrites of DA Identification of DA Cells after Dissociation of the Retina cells formed a rich plexus at the scleral margin of the IPL, just beneath the innermost row of cell bodies of the After papain digestion and mechanical trituration of the retina, DA cells were immunoreactive for TH ( Figure 3A ), INL. Small labeled processes contained microtubules and tended to form fascicles; larger processes were and both DA cells and type 2 cells stained with the histochemical reaction for PLAP ( Figures 3B and 3C ); characterized by a pale matrix and contained vesicles and dense core granules, an appearance typical of DA thus, digestion with papain did not completely remove the transgene product from the cell surface. DA cells cell dendrites in all mammalian species (Dowling and Ehinger, 1978; Pourcho, 1982) . DA cell dendrites were were easily distinguished from type 2 catecholaminergic cells, because of the large diameter of their cell body postsynaptic to three kinds of processes. First, they were postsynaptic to bipolar cell endings, which are and the fact that they stained more intensely for PLAP. In addition, DA cells often retained their primary dendrites characterized by the presence of a presynaptic ribbon surrounded by a halo of synaptic vesicles. At the synapwith the dissociation parameters used in this study, whereas type 2 cells had lost most of their processes. tic junction, the intercellular cleft was enlarged, and a layer of dense, fluffy material was present on the cytoWith E6-Cy3, only DA cells could be unequivocally identified ( Figures 4A and 4B ). plasmic aspect of the postsynaptic membrane ( Figure  2D ). Typically, the synapse belonged to the monad variWithin the time frame of our experiments, the Cy3-conjugated antibody did not significantly crosslink its ety, a fact noted in other mammalian retinas (Hokoç and Mariani, 1988; Kolb et al., 1991) . Second, they were antigen, because the fluorescent marker neither formed patches at the cell surface nor was internalized by endopostsynaptic to amacrine cell processes of large diameter, which contain a heterogeneous complement of cytocytosis in isolated DA amacrines or in cultured -2-DAP cells, which express human PLAP as a result of retroviral plasmic organelles ( Figure 2E ). These included mitochondria, profiles of the endoplasmic reticulum, vesicles, and infection (Fields-Berry et al., 1992) . In contrast, dramatic endocytosis was observed when the cultures were vacuoles. The conventional synaptic junction was characterized by a small presynaptic cluster of vesicles, a stained with polyclonal anti-PLAP antibody, or when incubation with the monoclonal antibody was followed narrow synaptic cleft, and inconspicuous postsynaptic Figure 2 . Connections of DA Cells (A) An illustration of a thick section of a plastic-embedded specimen, which was reacted en bloc with the alkaline lead citrate method for PLAP. The section was treated with ammonium sulfide and stained with toluidine blue. A brown deposit of lead sulfide is localized at the surface of the body of a DA cell (asterisk) and in the S1 and S3 plexuses formed by the dendrites of DA and type 2 cells, respectively (arrowheads). The dark organelles in the cytoplasm of the DA cell are Golgi complexes. (B) With the electron microscope, the dense product of the PLAP reaction is confined to the intercellular spaces and outlines the dendrites of DA cells (asterisks) in stratum S1 of the IPL. One of the processes is presynaptic to the soma of an amacrine cell (arrow). (C) A higher magnification of a synaptic contact illustrates the extracellular localization of the reaction product: the presynaptic cluster of vesicles (sv) is clearly visible. (D) A dendrite of a DA cell (DA) is postsynaptic to an ending of a bipolar cell (BC) and to a process belonging to an unidentified amacrine cell (AC). The bipolar-to-DA cell contact is a monad synapse, characterized by a synaptic ribbon (sr), surrounded by vesicles, in the presynaptic ending; at the amacrine-to-DA cell synapse, a cluster of vesicles adheres to the presynaptic membrane. by treatment with polyclonal anti-mouse IgGs (data not rod bipolars express bicuculline-insensitive GABA C receptors. The mean amplitude of the residual current shown; see Experimental Procedures).
was Ϫ104 Ϯ 44 pA (sd, n ϭ 10) or 53 Ϯ 11% of the total To rule out the possibility that treatment with papain amplitude of the GABA-induced current. In rod bipolar and mechanical dissociation caused unrelated cells to cells of the transgenic animals, after staining with E6-bind E6-Cy3, direct evidence that large, fluorescent cells Cy3, the current evoked by 10 M GABA had an ampliexpressed both TH and PLAP was obtained by reverse tude of Ϫ249 Ϯ 113 pA (sd, n ϭ 10) and was only partially transcription polymerase chain reaction (RT-PCR). To blocked by bicuculline. The remaining, bicucullinethis purpose, 20 cells fluorescently labeled by E6-Cy3 insensitive fraction was 55 Ϯ 11% of the total current, were individually isolated by suction with micropipettes a value nearly identical to that obtained in wild-type rod and pooled. Their RNA was purified and reverse-tranbipolars. These results suggested that the presence of scribed, and the resulting cDNA was used as a substrate PLAP and antibody at the cell surface did not alter signiffor the PCR reaction. Figure 4C shows that E6-Cy3 laicantly the properties of the cells' ligand-gated ion beled cells contained both PLAP and TH transcripts, channels. whereas large, unlabeled neurons, processed in parallel Recordings with the patch-clamp technique in the as controls, were negative.
whole-cell configuration were obtained from 100 DA cells. Cells were chosen that possessed 2-3 dendrites Electrophysiology of DA Cells that could be followed for a length of at least 30 m. Control experiments were carried out to rule out the Stable recordings, lasting 10-45 min, were obtained possibility that expression of PLAP at the cell surface from 62% of the cells. When recordings were carried and binding of antibody to the enzyme altered the reout in the current-clamp mode with no external current sponses of DA cells to the application of exogenous applied, quiescent DA cells had an average resting poligands. To this purpose, rod bipolar cells were chosen; tential of Ϫ46.1 Ϯ 4.8 mV (sd, n ϭ 9). While recording, after dissociation, they are easily identified in non-80% of DA cells fired spontaneous action potentials transgenic mice because they retain their characteristic ( Figure 5A , left panel) in a slow and variable pattern shape, and a transgenic line is available in which this (6.0 Ϯ 2.4 Hz; sd, n ϭ 25; range, 3-9 Hz). When the cells cell type expresses PLAP (data not shown). GABA-gated were depolarized by injecting a small current (6 pA), the currents were studied, since their properties in rod bifiring frequency doubled (12.4 Ϯ 4.4 Hz; sd, n ϭ 12; polars are well understood (Feigenspan et al., 1993 ; Figure 5A , right panel). Upon returning to their resting Feigenspan and Bormann, 1994; Gillette and Dacheux, potential, the cells resumed their low-frequency dis-1995).
charge. On the other hand, when the cells were hyperpoIn rod bipolars of nontransgenic, C57BL/6J mice, 10 larized by injecting a negative current (Ϫ5 pA), the action M GABA induced an inward current at a holding potenpotentials were abolished in a reversible fashion. tial of Ϫ70 mV. Its amplitude varied from Ϫ93 to Ϫ323
As DA cells were postsynaptic to at least two types pA, with a mean value of Ϫ199 Ϯ 80 pA (sd, n ϭ 10). In of amacrine cells, including the AII variety, and to bipolar agreement with previous observations in rat rod bipolars cells, they had to respond to ␥-aminobutyric acid (Feigenspan et al., 1993; Feigenspan and Bormann, (GABA) , because some of the amacrines presynaptic to 1994), the GABA-induced currents were not blocked DA cells are known to stain with antibodies to GABA completely by high concentrations (100 M) of the com- (Kolb et al., 1991) ; to glycine, the transmitter of AII amapetitive GABA A receptor antagonist bicuculline, a finding crine cells (Pourcho and Goebel, 1985) ; and to glutamate, the transmitter of bipolar cells (Slaughter and consistent with the possibility that, also in the mouse, (6 pA) 12.4 Ϯ 4.4 (12) Ϫ41.5 Ϯ 2.4 (7) GABA (10 M) 0 (9) Ϫ51.5 Ϯ 1.5 (9) Glycine (50 M) 0 (9) Ϫ50.6 Ϯ 1.8 (9) Kainate (10 M) 12.1 Ϯ 3.2 (13) Ϫ38. 4 Ϯ 1.3 (9) the cells were depolarized to Ϫ38 mV, and their firing frequency increased to 12.1 Ϯ 3.2 Hz (sd, n ϭ 13). Following wash-out of kainate, the cells slowly returned to their resting potential, gradually decreasing the firing frequency to predrug levels ( Figure 5D ). The effects of current injection and application of neurotransmitters on the frequency of action potentials and on the membrane potential of DA cells are summarized in Table 1 .
In the voltage-clamp mode, depolarizations from Ϫ70 to 50 mV in 10 mV steps activated voltage-gated sodium and potassium channels ( Figure 6A ). The sodium channels were completely and reversibly blocked by 1 M tetrodotoxin ( Figure 6B ). The current-voltage (I-V) relation ( Figure 6C ) was characterized by a voltage-dependent activation of Na ϩ channels with a maximum current (up to Ϫ1500 pA) at Ϫ20 to Ϫ25 mV. The reversal potential was 23 Ϯ 3 mV (sd, n ϭ 7). This is consistent with an ionic permeability ratio of 0.08 for K ϩ /Na ϩ , typical of voltage-dependent sodium channels (Hille, 1992) .
With equal concentration of chloride on both sides of the cell membrane and at a Ϫ70 mV holding potential, 10 M GABA induced large inward currents in all cells examined (Ϫ1892 Ϯ 859 pA; sd, n ϭ 12) with a slow, but pronounced desensitization ( Figure 7A ). This inward current was completely blocked by 100 M bicuculline; thus, DA cells expressed the GABA A receptor subtype. The I-V relation was linear and reversed around 0 mV (Ϫ1.1 Ϯ 1.2 mV; sd, n ϭ 6), as expected for chloride 8) . In lanes 3, 5, 7, and 9, RT induced currents ( Figure 7C ) was Ϫ147 Ϯ 59 pA (sd, was omitted. Lanes 10 and 11 are control reactions for PLAP and TH primers, respectively. In lane 1, molecular markers VI (Boehringer n ϭ 27). These kainate responses did not desensitize Mannheim). Magnification: (A) and (B) 500ϫ. throughout the 10 s period of drug application and were completely abolished by the non-NMDA receptor antagonist 6-cyano-7-nitroquinoxaline (CNQX; 5 M). The I-V Miller, 1983) . For the recordings, cells were chosen curve was linear and reversed near 0 mV (0.1 Ϯ 2.4 mV; which fired action potentials in a regular, rhythmic patsd, n ϭ 15), the value expected for nonselective cation tern when kept at their resting membrane potential. Apchannels. In contrast with the effects of GABA and glyplication of 10 M GABA or 50 M glycine for 100-200 cine, there was a clear, positive correlation between the ms hyperpolarized the cells to ‫ف‬Ϫ51 mV and reversibly amplitude of the responses to kainate or glutamate and suppressed their action potentials ( Figures 5B and 5C) .
the number and length of the cell processes, suggesting When 10 M kainate, an agonist at ionotropic, nonthat the kainate receptors are sparser and localized along the length of the dendrites. NMDA glutamate receptors, was applied for 500 ms,
Discussion
Throughout the nervous system, an understanding of the computations carried out by neural networks requires integration of the findings of microscopy, electrophysiology, and molecular biology. This aim would be greatly facilitated if specific populations of neurons could be identified with ease, irrespective of the experimental approach adopted for their study. We have hereby shown that PLAP is an ideal marker for specific and homogeneous neuronal populations when expressed under regulation of an appropriate promoter. In fact, in our line of transgenic mice, we could count the number of DA cells in the whole retina, study the distribution of their processes in the plexiform layers, and map their synaptic connections. DA cells were then identified in vitro after enzymatic digestion and mechanical trituration of the retina, so that their physiology could be investigated in the whole-cell configuration of the patch-clamp technique.
Because of PLAP localization on the outer aspect of the cell (Berger et al., 1987) , the purple product of the indolyl phosphate reaction for phosphatases precisely outlined all the details of the neuronal surface, and dendritic arbors were stained in their entirety. It was highly specific for the neurons that expressed the transgene, provided that other phosphatases were heat-inactivated (Posen et al., 1969) . Furthermore, the fact that PLAPlabeled amacrines had the same morphology and wiring as the catecholaminergic amacrines in nontransgenic animals confirmed previous evidence (Fields-Berry et al., 1992 ) that neuronal development was not affected by the presence at the cell surface of an enzyme with such a high pH optimum (pH 10-10.5; McComb and Bowers, 1972) . Finally, a lead citrate method for the electron microscope enabled us to localize the enzymatic activity on the outer aspect of the cell membrane, without obscuring the underlying cytoplasm; therefore, synaptic contacts could be identified without difficulty. As a neuronal marker, PLAP has the shortcoming that it is not visible in vivo without resorting to immunocytochemistry. Thus, because of the slowness of antibody penetration, DA cells could not be identified in the intact retina for recordings or intracellular injections. Future experiments will decide whether they can be stained in retinal slices.
In the transgenic line used for this study, the fragment of the TH promoter cloned by Banerjee et al. (1992) directed the expression of PLAP to the appropriate populations of retinal neurons. The accuracy of transgene expression in DA amacrines was striking, because every cell that contained TH also expressed PLAP. Furthermore, the density and total number of large PLAP-positive cells were very close to those reported for TH-like immunoreactive neurons in the mouse (Versaux-Botteri same cell. Bars indicate application of drugs. The delivery system (C) 50 M glycine for 200 ms had a similar effect on the membrane is responsible for the 300-500 ms delay between onset of drug potential and activity of the cell.
application and cell response.
in the mouse do not stain with antibodies to TH. As type 2 cells in other mammalian species are weakly stained by anti-TH antibodies, it seems that in this instance the transgenic technology was more sensitive than immunocytochemistry; in addition, type 2 amacrines contained less PLAP than type 1 cells, which suggests a parallelism between the regulation of the expression of the transgene and that of the TH gene. The identity of the transmitter of type 2 cells is not known. We have found that solitary DA cells have the remarkable property of spontaneously generating action potentials that increase in frequency upon depolarization and are abolished by hyperpolarization. They are mediated by a fast inactivating inward Na ϩ current and outward K ϩ currents. The presence of a spike-generating neuron in the pathway leading to DA release was suggested by Piccolino et al. (1987) , on the basis of the effects of veratridine and tetrodotoxin on the coupling of horizontal cells in the turtle. This study proves that the spiking neurons are the DA cells themselves. Since, in other mammals, DA cells possess axon-like processes (Dacey, 1990; Kolb et al., 1990) , it may be argued that the spontaneous activity observed in the mouse originates from trigger zones at the axonal origins; we deem this unlikely, because DA cells generate spikes even when deprived of all processes by the dissociation procedure.
In the intact retina, the firing pattern of DA cells is probably very different from that observed in vitro after removal of all synaptic influences. There is no doubt, however, that in vivo the spread of action potentials throughout the plexus of DA cell dendrites in the scleral IPL is responsible for the depolarization that causes DA release in a Ca 2ϩ -dependent manner (Sarthy et al., 1981; Boatright et al., 1989; Kolbinger and Weiler, 1993) . Then, the released molecules diffuse throughout the retina to modulate the activity of more distant targets (Piccolino et al., 1987) .
It is well known that GABA and its agonist muscimol suppress DA release in a variety of vertebrates. These effects are reversed by specific GABAA receptor antagonists. Furthermore, GABAA receptor activation inhibits release in both light and darkness, but the GABA-mediated inhibitory tone is greater in darkness than in light (Kamp and Morgan, 1981; O'Connor et al., 1987; Kirsch and Wagner, 1989; Critz and Marc, 1992; Kolbinger and Weiler, 1993 ). Our findings demonstrate that application of GABA to solitary DA cells caused an increase of a chloride conductance, which was abolished by the GABA A -antagonist bicuculline; thus, GABA inhibits DA cells by binding to GABA A receptors that reside on DA cells themselves and may be localized, at least in part, at the sites where these cells are postsynaptic to other unidentified amacrines. As a result of this current, DA cells hyperpolarized and their spontaneous firing was abolished. Suppression of light-evoked DA release by GABAB receptor activation has been noted in Xenopus The cells were voltage-clamped at Ϫ70 mV, with an equal concentration of chloride on either side of the membrane. Extracellular application of 10 M GABA for 10 s evoked an inward current that was completely blocked by the competitive GABAA receptor antagonist bicuculline (100 M). The current-voltage relation of the GABA-activated current shows that the reversal potential is close to the value of 0 mV predicted by the Nernst equation for Cl -selective channels (A). Extracellular application of 100 M glycine for 10 s evoked an inward current that was completely blocked by the glycine receptor antagonist strychnine (1 M). The current shows marked desensitization during the time course of the drug application. As is the case for the GABA-activated current, the current-voltage relation of the glycine-induced current is linear and reverses at 0 mV (B). When DA cells were voltage-clamped at Ϫ70 mV, 100 M kainate evoked an inward current that did not desensitize throughout the 10 s period of drug application and was completely abolished by the non-NMDA receptor antagonist CNQX (5 M). The I-V curve was linear and reversed near 0 mV, as expected for nonselective cation channels (C). (Boatright et al., 1994a) ; future studies will show whether receptors caused DA cells to hyperpolarize and inhibited their spontaneous activity. these receptors are localized on DA cells.
Glycine, a transmitter that inhibits light-stimulated DA The effects of glutamate and its agonists on the release of DA by the retina are controversial: glutamate release (Boatright et al., 1994a) , caused an increase of a chloride conductance, which was abolished by strycheither had no effect on or inhibited basal DA release (Kirsch and Wagner, 1989; Critz and Marc, 1992) . It was nine. Thus, glycine receptors are expressed on DA cells and are probably found in the postsynaptic membrane reported that kainate, an agonist at ionotropic glutamate receptors, had no effect in rabbit (Bauer et al., 1980) , of the contacts established on DA cells by glycine-accumulating amacrines (Kolb et al., 1991) , including AII amachick (Pasantes-Morales et al., 1988), and, according to one report, turtle (Critz and Marc, 1992) . Thus, it was crines. As is the case for GABA, activation of these sequence of the rat promoter of the TH gene, cloned at the 5Ј inferred that DA cells did not receive excitatory synapses end of the 1.9 kb PLAP cDNA; a simian virus 40 (SV40) intervening from bipolar cells, that they were inhibited in the dark sequence (nt 4648-4038; GenBank J02400); and the SV40 polyadeby GABAergic amacrines, and that the light effect is nylation signal (nt 2709-2461). The plasmid was obtained by excision exclusively the result of disinhibition. In contrast, other of the PLAP cDNA from the DAP plasmid (Berger et al., 1987; Fields- reports concluded that kainate stimulated basal DA re- Berry et al., 1992) by digestion with HincII, followed by ligation of lease in the turtle (Kolbinger and Weiler, 1993) and that the fragment to BglII linkers; digestion with BglII of the pJ3␤gal plasmid (Price et al., 1987) to remove the ␤gal gene; cloning of the 2-amino-4-phosphonobutyric acid, an agonist at a metligated PLAP cDNA into the BglII-digested pJ3␤gal plasmid to obtain abotropic glutamate receptor that blocks the on-paththe pJ3PLAP plasmid; excision of the TH promoter fragment from way, inhibited DA release by light (Boatright et al., the THdno plasmid (a gift from D. M. Chikaraishi, modified from 1994b). These results suggested that DA cells were ex- Banerjee et al., 1992) by digestion with HindIII and SalI; and cloning cited by the glutamate released by on-bipolars. In this of the TH promoter fragment into the pJ3PLAP plasmid digested paper, we observed that application of kainate to DA with HindIII and SalI.
cells elicited an inward current by opening nonselective cation channels. Glutamate was also effective, but the
Transgenic Mice
The THpPLAP plasmid was digested with HindIII and PvuI, and an response desensitized very rapidly. Blockage with a ‫8.8ف‬ kb fragment was gel purified to remove most of the DNA non-NMDA receptor antagonist showed that an ionosequences of bacterial origin. The transgene was injected into the tropic AMPA-kainate receptor was responsible for the male pronucleus of fertilized mouse oocytes (C57BL/6 ϫ SJL/J F2 increase of the mixed cation conductance. As a result, hybrids) by DNX (DNX Inc., Princeton, NJ), and offsprings that carthe kainate-induced depolarization increased the freried the transgene were identified by PCR on the genomic DNA quency of the action potentials spontaneously generextracted from tail biopsies. A human-specific, 451 bp fragment of ated by DA cells. Thus, DA cells possess excitatory, PLAP DNA was amplified by PCR, using the primers TGAGGCTACA GCTCTCCCTG (nt 54) and CACTGACTTCCCTGCTTTCT (nt 504) ionotropic glutamate receptors, and these are probably contained in the sequence GenBank M12551 (Kam et al., 1985) . located in the postsynatic membrane of the bipolar-to-SJL/J mice carry the rd (retinal degeneration) gene (Taketo et al., DA amacrine synapses that we identified morphologi-1991), a mutation that induces photoreceptor degeneration and is cally.
caused by disruption of the gene coding for the ␤ subunit of rod Of course, our findings only apply to a mammalian cGMP phosphodiesterase (␤-PDE) by the xenotropic gag gene of the retina, and species differences may account for the disretrovirus Xmv-28 (Bowes et al., 1993) . Thus, some of the transgenic crepancies that exist in the literature about control of animals carried the rd gene, and this was accidentally discovered when they were bred with FVB/N mice, another strain that carries DA release; it must be noted, however, that the effects rd (Taketo et al., 1991) . The rd gene was eliminated from the genome of DA are so uniform across the vertebrate retinas that by breeding the animals with C57BL/6J mice, which exhibit the the basic physiological mechanisms could be highly normal wt genotype, and culling the offspring by PCR reaction. To conserved.
this purpose, the following primers were used: 82 (ACCCATGTCCTA The effects of light on DA release in the retina have CAGCCCCTCTCCAA), a sequence of the wt intron 1 of the ␤-PDE been the subject of a long-lasting controversy; a congene located 5Ј to the provirus integration site; 81 (ACCTGCATGTGA sensus has now been reached that there is a basal ACCCAGTATT), complementary to a sequence of the wt intron 1 of the ␤-PDE gene located 3Ј to the provirus integration site (Bowes release in the dark, which increases upon illumination, et al., 1993) ; and rd2 (AGAAGAAGTAGAATCACGTGAATAAAAGAT), and that flickering light may be a better stimulus than a sequence of the env gene of the provirus. In the wt genotype, the a steady background light (Kramer, 1971; The only difficulty with this hypothesis concerns the genated Ames medium (Sigma Chemical Co., St. Louis, MO) containing 0.1% procaine and 0.001% heparin, followed by 4% formallocation of the bipolar-to-DA cell synapses in the scleral dehyde in phosphate buffered saline (PBS). Alternatively, the eyes stratum of the IPL; it requires the presence of on-bipolar were enucleated, opened at the equator, and immersed in the same endings in the off-sublamina of the IPL. and Chemicals Inc., Allentown, PA). A plasmid was constructed that contained the following components, inserted between two unique HindIII and PvuI sites: a 4.8 kb
To correlate the distributions of TH and PLAP activity, cryostat sections of retinas fixed according to the above protocol were incuEppendorf tubes containing 20 U RNase inhibitor (Boehringer Mannheim) and stored at Ϫ80ЊC. Cells were thawed in ice and pooled. bated for 18-24 hr in 1:100 affinity-purified rabbit polyclonal antibody to denatured rat pheochromocytoma TH (Chemicon InternaTotal RNAs were extracted with the RNAzol B method (Tel-Test Inc., Friendswood, TX), incubated with RNase-free DNase (Promega Co., tional Inc., Temecula, CA), followed by a 3 hr incubation with 1:250 Texas Red-conjugated goat anti-rabbit antibody (Vector LaboraMadison, WI), phenol-purified, and ethanol-precipitated in the presence of glycogen. After denaturation in the presence of Pd(N)6 (Phartories Inc., Burlingame, CA). The sections of retina were photographed in epifluorescence and subsequently stained with the histomacia), RNAs of both DA and control cells were split into two aliquots, and one of each was reverse-transcribed by using chemical method for PLAP.
The anti-human PLAP monoclonal antibody E6 was obtained from Superscript II RNase H Ϫ Reverse Transcriptase (Gibco). The remaining aliquots, in which reverse transcriptase was omitted, served the hybridoma cell line E6j (gift from W. Fiers, Gent, Belgium), grown in RPMI 1640 medium (Gibco BRL, Life Technologies, Gaithersburg, as controls. PLAP cDNA was amplified as previously described. TH cDNA was amplified by using the following primers: AGTGCACACA MD) in the presence of Nutridoma (Boehringer). The antibody was affinity-purified through a protein A Sepharose column (Pharmacia, GTACATCCGTCATC, which hybridizes with TH cDNA at nt 935, loPiscataway, NJ) and conjugated to monofunctional reactive Cy3 cated in exon 8 of the murine gene (GenBank M69200); and GCTGGT (CyDye; Amersham Life Sciences Inc., Pittsburg, PA), according to AGGTTTGATCTTGGTA, which hybridizes with TH cDNA at nt 1295, manufacturer's recommendations. To confirm the specificity of the located in exon 12 of the murine gene. The PCR product was 359 antibody, cryostat sections of retina were stained with E6-Cy3 dibp long. The RT-PCR products of human PLAP and murine TH luted 1:1000 to 1:5000, photographed in epifluorescence (535 nm cDNAs were subcloned in pCR-II plasmid by using Original TA Clonexcitation filter; 610 nm barrier filter), and subsequently stained with ing Kit (Invitrogen Co., Carlsbad, CA), according to the manufacturthe histochemical method for PLAP.
er's recommendations. The cloned fragments were sequenced and To correlate the distribution of TH-like and E6-Cy3 immunoreactheir identities verified. tivities, the above procedures were combined; whole retinas were
To test the effects of antibodies to PLAP on living cells, the followincubated for 5 days in the ␣-TH antibody, followed by a 3 day ing experiments were carried out on -2-DAP cells (a stable ecoincubation in a mixture of FITC-conjugated goat anti-rabbit antibody tropic packaging line that expresses human PLAP as a result of (Boehringer) and E6-Cy3.
infection with the retroviral vector pDO-L; Fields-Berry et al., 1992):
(1) a 30 min incubation in 1:100 E6-Cy3, followed by 4% formaldeElectron Microscopy hyde fixation; (2) a 30 min incubation in 1:100 E6, followed by 1:100 Anesthetized mice were perfused through the heart with 2% formalTexas Red-conjugated, horse anti-mouse IgGs (Vector) and subsedehyde and 1% glutaraldehyde in Sö rensen phosphate buffer (pH quent fixation with 4% formaldehyde; (3) a 30 min incubation in 7.4), after rinsing the vascular system with Ames medium (see 1:100 E6, followed by 4% formaldehyde fixation and subsequent above). Whole retinas were kept in the fixative fluid for 2 hr at room staining with 1:100 Texas Red-conjugated, horse anti-mouse IgGs; temperature, heated in PBS at 65ЊC for 30 min, and carefully rinsed (4) a 30 min incubation in 1:100 rabbit polyclonal anti-PLAP antibody with 5% sucrose in 0.2 M cacodylate buffer (pH 7.4) to eliminate (Zymed Laboratories Inc., South Francisco, CA), followed by 1:100 phosphate ions. Specimens were then incubated for 8-24 hr at room Texas Red-conjugated, goat anti-rabbit IgGs (Vector) and subsetemperature under constant, mild agitation in a ␤-glycerophosphate, quent fixation with 4% formaldehyde. alkaline lead citrate solution, according to Mayahara et al. (1967) .
As controls, similar experiments were carried out on the parent They were subsequently postfixed in 3% glutaraldehyde, followed -2 cell line that does not express PLAP. In experiments (1) and (3), by osmium ferrocyanide and staining en bloc with uranyl acetate. the cell surface was uniformly stained, and no endocytosis was After embedding in low viscosity Epon and thin sectioning, microobserved, whereas in experiments (2) and (4), the fluorescent label graphs were obtained with a Jeol 1200 EX electron microscope.
had been internalized (data not shown).
Dissociation and Staining of Solitary Retinal Cells
Electrophysiology Eyes were enucleated from anesthetized, 1-to 12-month-old homoFor recordings, the Petri dishes with the dissociated retinal cells zygous mice and transferred to a petri dish containing ice-cold were mounted on the stage of an inverted microscope (Diaphot 300, Hanks' Balanced Salt Solution (HBSS; Gibco) enriched with glucose Nikon). The cells were maintained at room temperature (21-25ЊC) (10 mg/ml). After opening the eyes at the equator, the anterior segand continuously superfused at a rate of 0.5 ml/min with a solution ment, lens, and part of the vitreous body were removed, and the containing 137 mM NaCl, 5.4 mM KCl, 1.8 mM CaCl2, and 1 mM posterior segment was cut into four wedges, which were transferred MgCl 2 in 5 mM Hepes (pH 7.4). For recordings of voltage-gated Na ϩ to a round-bottomed, 14 ml test tube. The tube contained 5 ml of channels, the extracellular solution contained 40 mM NaCl, 95 mM a 20 U/ml solution of papain (Worthington Biochemical Co., Freecholine-Cl, 5.4 mM KCl, 1.8 mM CaCl2, 1 mM MgCl2, 5.5 mM Hepes, hold, NJ) in Ca 2ϩ -and Mg 2ϩ -free HBSS. Prior to use, the papain had and 4.5 mM Hepes-Na (pH 7.4). E6-Cy3 stained neurons were identibeen activated by incubation at 37ЊC for 30 min after addition of 1 fied by scanning the coverslip in epifluorescence, and DA amacrines mM L-cysteine and 0.5 mM EDTA. The tube was placed horizontally that retained their dendrites were selected for recordings. The reon a Slow Speed Rotomix (Thermolyne, Cole-Palmer, Chicago, IL) maining procedures were carried out in visible light with Nomarski in an incubator at 37ЊC and gently stirred at 42 rpm for 45 min. At optics. Membrane currents were recorded using the whole-cell conthe end of the digestion, the pieces of retina were carefully detached figuration of the patch-clamp technique (Hamill et al., 1981) . Patch from the pigment epithelium and washed with Dulbecco's Modified pipettes were fabricated from borosilicate glass (1.65 mm O.D., 1.2 Eagle Medium (DMEM; Gibco), containing 0.02% DNase I (Sigma). mm I.D.; A-M Systems, Everett, WA) using a horizontal two-stage Finally, the pieces of retina were triturated in DMEM by squeezing electrode puller (BB-CH, Mecanex, Geneva, Switzerland); the electhem through the bore of fire-polished Pasteur pipettes. Aliquots of trode resistance ranged from 5-7 M⍀. After coating with sylgard the cell suspension, thus obtained, were deposited on glass cov-(Dow Corning, Midland, MI), the pipettes were filled with a solution erslips, each glued to the margin of a hole cut in the bottom of a containing 120 mM CsCl, 20 mM tetraethylammonium-Cl, 1 mM small Petri dish. The coverslips had been previously coated with CaCl2, 2 mM MgCl2, and 11 mM EGTA in 10 mM Hepes (pH 7.2). 0.01% poly-L-lysine in distilled water for 24 hr, followed by 0.1%
Voltage-gated K ϩ channels were recorded with an intracellular soluconcanavalin A in PBS for 1 hr. The cells were allowed to settle on tion containing 140 mM KCl, 1 mM CaCl2, 2 mM MgCl2, and 11 mM the glass for 30 min at 37ЊC in an atmosphere of 5% CO2 and EGTA in 10 mM Hepes (pH 7.2). For recordings in the current-clamp 95% air, and 0.1% bovine serum albumin (Sigma) was added to the mode, the intracellular solution contained 125 mM K-gluconate, 10 supernatant. At 1-5 hr after dissociation, DA cells were stained by mM KCl, 10 mM Hepes, 0.5 mM EGTA, 2 mM Mg-ATP, and 0.2 mM replacing the culture medium with E6-Cy3 diluted 1:100 with 0.1% Na-GTP (pH 7.2). Electrodes were connected via a Ag/AgCl wire to bovine serum albumin in DMEM.
an Axopatch 200A amplifier (Axon Instruments, Foster City, CA). To confirm that solitary cells stained by E6-Cy3 did contain TH,
The electrode holder and the headstage were mounted on a piezo-20 E6-Cy3-stained cells and 20 large unlabeled neurons were indielectric remote-controlled device attached to a three-dimensional vidually isolated under visual observation by suction with a micropipette. The content of each micropipette was ejected into separate mechanical micromanipulator (Burleigh Instruments, Fishers, NY).
